tive isomer and a more stable inactive isomer. Inactive
tive isomer and a more stable inactive isomer. Inactive Assuming this reaction scheme, dissociation of prebound peptide will likely, based on the principle of microscopic reversibility (Fersht, 1985) , leave sEk in the active state. To investigate this possibility, we measured the binding of labeled MCC peptide to several preformed peptide/MHC complexes. In each case, the rate of labeled peptide binding is approximately equal to the rate of dissociation of the preformed complex (Figure 2 ), suggesting that dissociation of the preformed peptide/ MHC complex is followed by rapid association of the second peptide (scheme 2). promoting rapid loading with labeled peptide ( Figure 2C ). This slow step is bypassed when CLIP-loaded sEk is used as the starting material, because CLIP dissociation Reversible Inactivation of Active sEk releases the active isomer. The generality of this reaction
The reactions of active sEk formed by peptide dissociascheme is supported by studies of labeled peptide bindtion were investigated by allowing either CLIP or 8-mer ing to water-soluble DR1 (sDR1), and also of T cell stimupeptide to dissociate in the absence of added peptide lation by I-Ek on the surface of a fixed APC (see Appenfor various lengths of time ("delay times"). The amount dix 2). Together these findings suggest that active and of active sEk present after the delay was measured inactive isomers may be a general feature of class II based on the binding of labeled MCC for 5 min. The MHC, and that a previously unrecognized function of amount of active sEk increased at early times as 8-mer/ CLIP is to promote endosomal peptide binding by resEk ( Figure 3A) or CLIP/sEk (data not shown) dissocilease of the active isomer. ated. After 10 min, however, the fraction of active material decreased, consistent with inactivation of the active Results sEk, with the active material having a half-life of 13 min at pH 5.3, 37ЊC (see Experimental Procedures for Dissociation of a Prebound Peptide details). The inactivation of sEka was reversible, as addiGenerates Active sEk tion of labeled MCC to inactivated sEk (sEki) resulted We studied the reaction of the antigenic peptide moth in slow accumulation of labeled MCC/Ek complex until cytochrome c Ac95-103 (MCC) with sEk that was purified most sEk was filled ( Figure 3B ). Like the reaction befrom cells by affinity and size exclusion chromatography tween {sEk} 0 and peptide, the reaction between sEki and and stored at pH 7, 4ЊC until use. We use the symbol peptide is not accelerated by adding peptide concentra{sEk} 0 to represent this initial ensemble of sEk molecules.
tions Ͼ100 nM (data not shown). Consistent with sEki Consistent with previous reports (Reay et al., 1992), we and {sEk} 0 both representing a similar, steady-state form find that the binding of MCC to sEk is essentially irreversof empty class II, incubation of {sEk} 0 overnight in the ible (dissociation t 1⁄2 at pH 5.3-7.0, 37ЊC Ͼ200 hr), and absence of added peptide at pH 5.3 or pH 7.0, 37ЊC that binding of MCC to {sEk} 0 slowly proceeds until most does not result in substantial (Ͼ10%) sEk aggregation sEk is peptide bound. In addition, we find that the rate or a substantial change in peptide binding kinetics (data of peptide binding to {sEk} 0 is nearly independent of the not shown).
MCC peptide concentration for [MCC] Ͼ 100 nM at pH
In combination, these results support the following 5.3 (Figure 1 ) (Note: the reaction at pH 7.0 is much slower reaction pathway for sEk (scheme 3): and requires micromolar peptide concentrations; see Appendix 1). One simple interpretation of this result is that peptide binding is preceded by a peptide-independent reaction of molecules in {sEk} 0 to form active sEk (sEka) (scheme 1).
Since sEki and sEka reversibly interconvert, there is no possibility that sEki simply reflects sEk loaded with endogenous peptide. These interconversions occur in the absence of an energy source, and thus sEki and sEka are isomers with identical covalent structure. A potential complication to this reaction scheme is that the slow peptide binding to both sEki and {sEk} 0 is better described by a sum of two exponential binding curves than a single exponential curve, indicating there may be more than one isomer of inactive sEk (data not shown). , 1995) . To confirm that these brief reactions of MCC with active sEk do indeed produce stable complexes, we measured the dissociation rate of complexes formed in this way. We find that most such complexes are stable, with Ͻ20% dissociating in 24 hr at pH 5.3, 37ЊC (data not shown).
Association

Dissociation of Prebound Peptide Generates Active sDR1
To investigate whether reaction scheme (3) might also apply to other class II MHC molecules, we studied the rate of peptide binding to empty sDR1 purified from transfected insect cells (Stern and Wiley, 1992; Sloan et al., 1995), frozen, and thawed immediately before use ({sDR1} 0 ). Unlike sEk, empty sDR1 forms oligomers (Stern and Wiley, 1992); therefore, reaction scheme (3) is an incomplete description of its reactions. However, similar to sEk, sDR1 preloaded with a rapidly dissociating peptide (8-mer) binds peptide more rapidly than {sDR1} 0 . Moreover, lower concentrations of antigenic peptide (hemagglutinin 306-318, HA) are required to achieve maximal binding to 8-mer/sDR1 complex than be greater than the rate of sDR1a inactivation (for details, 
HA peptide (Stern et al., 1994).
Discussion to {sDR1} 0 ( Figures 5A and 5B ). This suggests that sDR1, like sEk, exists in multiple empty states, one of which, sDR1a, binds peptide rapidly. Similar to sEka, sDR1a is In this report we deduce the existence of two isomers of empty class II MHC that have very different peptide unstable, losing the ability to bind peptide with a halftime of approximately 5 min ( Figure 5C ). The rate of binding capacities. One isomer (active) binds peptide rapidly at endosomal pH (k on ≈ 10 5 M Ϫ1 s Ϫ1 ). The other sDR1a inactivation is not strongly dependent on sDR1 concentration, suggesting that the rate-limiting step in isomer (inactive) does not itself bind peptide but can slowly (t 1⁄2 ≈ 3 hr) isomerize into the active molecule. In the inactivation reaction is not aggregation but isomerization.
the absence of peptide, the active isomer is unstable, inactivating with a half-time of a few minutes. These Because 8-mer dissociation from sDR1 is slower than the inactivation of sDR1a, it is not possible to accumuisomers appear to be a general feature of I-Ek, as they are formed both by a water-soluble version of the I-Ek late a substantial pool of sDR1a by 8-mer dissociation. Therefore, the association rate for peptide binding to protein (sEk) and by I-Ek on the surface of a fixed B lymphoma cell (see Appendix 2). In addition, the peptide sDR1a cannot be directly measured, as it was for sEka. The rate can, however, be approximated based on the binding characteristics of water-soluble DR1, although complicated by oligomerization, are consistent with an minimal concentration of HA required to fill most sDR1a formed by 8-mer dissociation (100 nM HA, Figure 5B) that can be rapidly loaded with peptide to stimulate T we do not observe any major pH effect on the reactions cells. We have undertaken experiments aimed at underof sDR1, but we do find that peptide binding to sEk is standing the source of this pool of empty, cell surface much more rapid at acidic than neutral pH (compare class II. In addition, these experiments were designed Figure 2 and Figure 6A ). One common feature of peptide to investigate whether our reaction scheme for sEk binding to empty sEk at pH 7.0 and pH 5.3 is that dissocicould be generalized to cell surface I-Ek. ation of a preformed peptide/sEk complex results in Our experimental approach was to manipulate cell active sEk (Figures 2 and 6A) . The slower rate of peptide surface I-Ek by preloading it with nonantigenic peptides binding to {sEk} 0 at pH 7.0 reflects that both the associathat bind either transiently or stably, and thus might tion rate of peptide to active sEk (Figure 4 versus 6B) either enhance or inhibit subsequent binding of antiand the isomerization of inactive to active sEk (t 1⁄2 The association rate of peptide to active sDR1 was approximated was for 36 hr at pH 5.3, 37ЊC with 1.2 M MHC and 200 M peptide based on the minimal concentration of HA required to fill most sDR1a (sEk) or 1 mM peptide (sDR1). Following this loading reaction, the formed by 8-mer dissociation (100 nM HA, Figure 4B ). As shown in reaction mixture was stored at pH 5.3, 4ЊC until immediately prior scheme (5) below, sDR1a formed by 8-mer/DR1 complex (8/DR1) to use, when free peptide was separated from peptide/MHC comdissociation can react to form sDR1i with the rate constant k in ϭ plex by passage down a spin column at 4ЊC, pH 7.0 to isolate the 0.14 min Ϫ1 known from Figure 5C . MHC for the subsequent association reaction with labeled peptide.
For measurements of peptide/MHC complex dissociation, labeled complex was isolated from a mixture of free peptide and MHC using a spin column as described above. After complex isolation (final complex concentration ≈ 100 nM MHC), unlabeled peptide (MCC 88-103 or MCC Ac95-103 for sEk, HA 306-318 for sDR1) was added to 10 M final concentration to prevent rebinding of labeled peptide, citrate was added for dissociation reactions at pH 5.3, and the complex was placed at 37ЊC. After the indicated time, complex Alternatively, sDR1a can react with HA to form HA/sDR1 with the was injected on the HPSEC apparatus, and the amount of labeled rate constant k on [HA] . As shown in Figure 5B , 100 nM HA is sufficient peptide/MHC complex remaining was measured based on the for slightly more than half of the sDR1a to bind HA rather than height of the fluorescence signal.
inactivate. Thus k on · 100 nM ≈ 0.14 min
Ϫ1
, which implies that k on ≈ 3 ϫ 10 4 M Ϫ1 s Ϫ1 .
Inactivation Rate Constants
The inactivation rate of active sEk and sDR1 was computed using Figure 5C ). k off can be directly measured based on the data shown in 2C and 5B (k off ϭ 0.14 min Ϫ1 for 8-mer/Ek; k off ϭ 0.033
The lines in Figures 7B, 7C , and 7D indicate the best fit to the experimental data using equation (V). Note that the X intercept (i.e., min Ϫ1 for 8-mer/DR1). k in was calculated by obtaining the best fit to
